(19) 



(12) 



Europdisches Patenlamt 
European Patent Office 
Office europeen des brevets 





EP 0 867 857 A2 



EUROPEAN PATENT APPLICATION 



(43) 


Date of publication: 


(51) IntCI 6 : G10L 3/00 




30.09.199o Bulletin 1998/40 






(21) 


Application numoer. www jo i .o 






(22) 


i-> _+ _ *; i : — — . no -anno 

Date ot filing. 27.03.1998 






(84) 


Designated Contracting States: 


» 


Wald, David E. 




AT BE CH DE DK ES Fl FR GB GR IE IT LI LU MC 




Cambridge, Massachusetts 02140 (US) 




NL PT SE 


» 


Graham, Noah M. 




Designated Extension States: 




Newton, Massachusetts 02159 (US) 




AL LT LV MK RO SI 


• 


Gould, Joel 








Winchester, Massachusetts 01890 (US) 


(30) 


Priority: 28.03.1997 US 825536 


» 


Scattone, Francesco 






Medf ield, Massachusetts 02052 (US) 


(71) 


Applicant: Dragon Systems Inc. 








Newton, Massachusetts 02178 (US) 


(74) 


Representative: Deans, Michael John Percy et al 








Lloyd Wise, Tregear & Co., 


(72) 


Inventors: 




Commonwealth House, 


• 


Alblna, Toffee A. 




1-19 New Oxford Street 




Cambridge, Massachusetts 02139 (US) 




London WC1A1LW(GB) 



(54) Enrolment in speech recognition 



CM 
< 

m 

CO 

CD 
CO 



(57) A computer- implemented method is described 
for enroling a user into a speech recognition system by 
analyzing the acoustic content of a user utterance, de- 
termining, based on the analysis, whether the user ut- 
terance matches a portion of an enrollment text, and us- 
ing the user utterance to update acoustic models corre- 
sponding to the portion of the enrollment text if the user 
utterance matches a portion of the enrollment text. 
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Description 

The invention relates to enrollment in speech recognition. 

A speech recognition system analyzes a user's speech to determine what the user said. Most speech recognition 
5 systems are frame-based. In a frame-based system, a processor divides a signal descriptive of the speech to be 
recognized into a series of digital frames, each of which corresponds to a small time increment of the speech. 

A speech recognition system may be a "discrete" system that recognizes discrete words or phrases but which 
requires the user to pause briefly between each discrete word or phrase. Alternatively, a speech recognition system 
may be a "continuous" system that can recognize spoken words or phrases regardless of whether the user pauses 
io between them. Continuous speech recognition systems typically have a higher incidence of recognition errors in com- 
parison to discrete recognition systems due to complexities of recognizing continuous speech. A more detailed de- 
scription of continuous speech recognition is provided in U.S. Patent No. 5,202,952, entitled 'LARGE -VOCABULARY 
CONTINUOUS SPEECH PREFILTERING AND PROCESSING SYSTEM". 

In general, the processor of a continuous speech recognition system analyzes "utterances" of speech. An utterance 
15 includes a variable number of frames and corresponds, for example, to a period of speech followed by a pause of at 
least a predetermined duration. 

The processor determines what the user said by finding acoustic models that best match the digital frames of an 
utterance, and identifying text that corresponds to those acoustic models. An acoustic model may correspond to a 
word, phrase or command from a vocabulary. An acoustic model also may represent a sound, or phoneme, that cor- 
20 responds to a portion of a word. Collectively, the constituent phonemes for a word represent the phonetic spelling of 
the word. Acoustic models also may represent silence and various types of environmental noise. 

The words or phrases corresponding to the best matching acoustic models are referred to as recognition candi- 
dates. The processor may produce a single recognition candidate for an utterance, or may produce a list of recognition 
candidates. Speech recognition techniques are discussed in U.S. Patent No. 4,805,218, entitled "METHOD FOR 
25 SPEECH ANALYSIS AND SPEECH RECOGNITION". 

An acoustic model generally includes data describing how a corresponding speech unit (e.g., a phoneme) is spoken 
by a variety of speakers. To increase the accuracy with which an acoustic model represents a particular user's speech, 
and thereby to decrease the incidence of recognition errors, the speech recognition system may modify the acoustic 
models to correspond to the particular user's speech. This modification may be based on samples of the user's speech 
30 obtained during an initial enrollment session and during use of the system. 

Enrollment sessions for previous speech recognition systems typically required a user to read from a list of words 
or to read specific words in response to prompts. For example, DragonDictate® for Windows®, available from Dragon 
Systems, Inc. of Newton, Massachusetts, included a quick enrollment session that prompted a new user to speak each 
word of a small set of words, and then adapted the acoustic models based on the user's speech. 
35 In general, in one aspect, the invention features enrolling a user in a speech recognition system by analyzing 

acoustic content of a user utterance and determining, based on the analysis, whether the user utterance matches a 
portion of an enrollment text. The acoustic content of the user utterance is used to update acoustic models correspond- 
ing to the portion of the enrollment text if the user utterance matches a portion of the enrollment text. 

Certain implementations of the invention may include one or more of the following features. An enrollment grammar 
40 corresponding to the enrollment text may be used to determine whether the user utterance matches a portion of the 
enrollment text. A rejection grammar may be used to determine whether the user utterance matches a portion of the 
enrollment text. The rejection grammar may be a phoneme grammar and may model an utterance using a set of 
phonemes that is smaller than a set of phonemes used by the enrollment grammar. 

An enrollment position may be determined within the enrollment text, and a user utterance may be required to 
match a portion of the enrollment text that begins at the enrollment position. The enrollment text and the enrollment 
position may be displayed. If the user utterance matches a portion of the enrollment text, the enrollment position is 
advanced past the matching portion in the enrollment text. 

The enrollment text may be selected from a plurality of enrollment texts. Each of the enrollment texts has a cor- 
responding enrollment grammar. The enrollment grammar corresponding to the selected enrollment text is used to 
so determine whether the user utterance matches a portion of the enrollment text. 

An enrollment text may be received from a user. An enrollment grammar corresponding to the received enrollment 
text may be generated for use in determining whether the user utterance matches a portion ol the enrollment text. 

The user utterance may be ignored if it does not match a portion ol the enrollment text. 

In general, in another aspect, the invention features enrolling a user into a speech recognition system by displaying 
55 an enrollment text and an enrollment position within the enrollment text. When a user utterance is received, a deter- 
mination is made as to whether a match exists between the user utterance and a portion of the enrollment text beginning 
at the enrollment position. The enrollment position is updated if a match exists, and the updated enrollment position 
is displayed. 
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Certain implementations of the invention may include one or more of the following features. The enrollment position 
may be displayed using a marker at the enrollment position. The enrollment position may be displayed by highlighting 
the enrollment text at the enrollment position, and may be displayed using a cursor at the enrollment position. 

In general, in another aspect, the invention features computer software, residing on a computer-readable storage 
s medium, comprising instructions for causing a computer to implement the techniques described above. 

In general, in another aspect, the invention features a speech recognition system for enrolling a user. The system 
includes a display for displaying an enrollment text to a user, an input device for receiving speech signals, and a 
processor. The processor determines a user utterance from a received speech signal, analyzes acoustic content of 
the user utterance, and determines, based on the acoustic analysis, whether the user utterance matches a portion of 
10 an enrollment text. The processor then uses the user utterance to update acoustic models corresponding to the portion 
of the enrollment text if the user utterance matches a portion of the enrollment text. 

Among the advantages of practical examples of systems constructed in accordance with the invention is that by 
determining and ignoring user utterances that do not match a portion of the enrollment text, the acoustic models of the 
enrollment program are not incorrectly updated based on the user utterance. 
is Other features and advantages will become apparent from the following description. 

In the drawings: 

Fig. 1 is a block diagram of a speech recognition system. 
Fig. 2 is a block diagram of speech recognition software of the system of Fig. 1 . 
Fig. 3 is a flow chart of a signal processing procedure performed by the software of Fig. 2. 
20 Figs. 4A and 4B are state diagrams of a constraint grammar. 

Fig. 5 is a graph of a lexical tree. 
Fig. 6 is a graph of a portion of the lexical tree of Fig. 5. 

Fig. 7 is a flow chart of a pre-fillering procedure performed by the software of Fig. 2. 
Figs. 8A, 8B and 8C are state graphs representing nodes of the lexical tree of Fig. 5. 
25 Figs. 9 and 1 0 are charts of scores corresponding to the states of the state graphs of Figs. 8 A, 8B and 8C. 

Fig. 11 is a flow chart of a procedure for processing nodes of a lexical tree. 
Fig. 12 is a flow chart of a speech recognition procedure. 
Figs. 13 and 14 show a user interface for an enrollment program. 
Figs. 1 5 and 1 6 are flow charts of enrollment procedures. 
30 Fig. 1 7 is a flow chart of a model -adaptation procedure. 

Fig. 1 is a block diagram of a speech recognition system 100. The system includes input/output (I/O) devices (e. 
g,, microphone 105, mouse 110, keyboard 115, and display 120) and a general purpose computer 125 having a proc- 
essor 130, an I/O unit 135 and a sound card 140. A memory 145 stores data and programs such as an operating 
system 150, an application program 155 (e.g., a word processing program), and speech recognition software 160. 
35 The microphone 1 05 receives the user's speech and conveys the speech, in the form of an analog signal, to the 

sound card 140, which in turn passes the signal through an analog -to-digital (A/D) converter to transform the analog 
signal into a set of digital samples. Under control of the operating system 150 and the speech recognition software 
160, the processor 130 identifies utterances in the user's continuous speech. Utterances are separated from one an- 
other by a pause having a sufficiently-large, predetermined duration (e.g., 160-250 milliseconds). Each utterance may 
40 include one or more words of the user's speech. 

Fig. 2 illustrates components of the speech recognition software 160. For ease of discussion, the following de- 
scription indicates that the components carry out operations to achieve specified results. However, it should be under- 
stood that each component actually causes the processor 130 to operate in the specified manner. 

Initially, a front end processing module 200 converts the digital samples 205 from the sound card 140 into frames 
^5 of parameters 210 that represent the frequency content o1 an utterance. Each frame includes 24 parameters and 
represents a short portion (e.g., 10 milliseconds) of the utterance. 

As shown in Fig. 3, the front end processing module 200 produces a frame from digital samples according to a 
procedure 300. The module first produces a frequency domain representation X(f) of the portion of the utterance by 
performing a Fast Fourier Transform (FFT) on the digital samples (step 305). Next, the module determines log(X(f)) 2 
50 (step 310). The module may then perform frequency warping (step 315) and a filter bank analysis (step 320) to achieve 
speaker normalization. See S. Wegmann etal., "Speaker Normalization on Conversational Speech.' Proc. 1996 ICAS- 
SP , pp. 1.339-1.341. In general, speaker normalization is used only after acoustic models have been adopted to a 
particular speaker using an enrollment program as described below. 

From the normalized results, the module performs cepstral analysis to produce 12 cepstral parameters (step 325). 
55 The module generates the cepstral parameters by performing an inverse cosine transformation on the logarithms of 
the frequency parameters. Cepstral parameters and cepstral differences have been found to emphasize information 
important to speech recognition more effectively than do the frequency parameters. After performing channel normal- 
ization of the cepstral parameters (step 330), the module produces 1 2 cepstral differences (i.e. , the differences between 
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cepstral parameters in successive frames) (step 335) and 12 cepstral second differences (i.e., the differences between 
cepstral differences in successive frames) (step 340). Finally, the module performs an IMELDA linear combination 
transformation to select the 24 most useful parameters from the 12 cepstral parameters, the 12 cepstral differences, 
and the 12 cepstral second differences (step 345). 

5 Referring again to Fig. 2, a recognizer 215 receives and processes the frames of an utterance to identify text 

corresponding to the utterance. The recognizer entertains several hypotheses about the text and associates a score 
with each hypothesis. The score reflects the probability that a hypothesis corresponds to the user's speech. For ease 
of processing, scores are maintained as negative logarithmic values. Accordingly, a lower score indicates a better 
match (a high probability) while a higher score indicates a less likely match (a lower probability), with the likelihood of 

10 the match decreasing as the score increases. After processing the utterance, the recognizer provides the best-scoring 
hypotheses to the control/interface module 220 as a list of recognition candidates, where each recognition candidate 
corresponds to a hypothesis and has an associated score. Some recognition candidates may correspond to text while 
other recognition candidates correspond to commands. Commands may include words, phrases or sentences recog- 
nized by a constraint grammar 225, explained in greater detail below. 

is The recognizer 215 processes the frames 210 of an utterance in view of one or more constraint grammars 225. 

A constraint grammar, also referred to as a template or restriction rule, may be, for example, a limitation on the words 
that may correspond to an utterance, a limitation on the order or grammatical form of the words, or both. For example, 
a constraint grammar for menu-manipulation commands may include only entries from the menu (e.g., "file", "edit") or 
command words tor navigating through the menu (e.g., "up", "down", "top", "bottom"). Different constraint grammars 

20 may be active at different times. For example, a constraint grammar may be associated with a particular application 
program 155 and may be activated when the user opens the application program and deactivated when the user closes 
the application program. The recognizer 215 discards any hypothesis that does not comply with an active constraint 
grammar. In addition, the recognizer 215 may adjust the score ol a hypothesis associated with a particular constraint 
grammar based on characteristics of the constraint grammar. 

25 one constraint grammar 225 that may be used by the speech recognition software 160 is a large vocabulary 

dictation grammar. The large vocabulary dictation grammar identifies words included in the active vocabulary 230, 
which is the vocabulary of words known to the software. The large vocabulary dictation grammar also indicates the 
frequency with which words occur. A language model associated with the large vocabulary dictation grammar may be 
a unigram model that indicates the frequency with which a word occurs independently of context, or a bigram model 

30 that indicates the frequency with which a word occurs in the context of a preceding word. For example, a bigram model 
may indicate that a noun or adjective is more likely to follow the word the" than is a verb or preposition. 

The active vocabulary 230 uses a pronunciation model in which each word is represented by a series of phonemes 
that comprise the phonetic spelling of the word. Each phoneme may be represented as a triphone , a context-dependent 
phoneme, that includes three nodes. For example, the triphone "abc" represents the phoneme "b" in the context of the 

35 phonemes "a" and "c", with the phoneme "b* being preceded by the phoneme "a" and followed by the phoneme "c". 

The phonemes are represented by acoustic models 235. In the case of triphones, the acoustic models 235 repre- 
sent each triphone node as a mixture of Gaussian probability density functions ("PDFs - ). For example, node Y of a 
triphone "abc" may be represented as abt: 

40 

ab i c = 5^ w k tr(\x k , c k ) , 



45 where each w k is a mixture weight, 




M* is a mean vector for the probability density function ("PDF") f^, and c k is the covariance matrix for the PDF N k . Like 
the frames in the sequence of frames, the vectors u^ each include 24 parameters. The matrices c k are 24 x 24 matrices. 
Each triphone node may be represented as a mixture of up to 16 different PDFs. 
55 a particular PDF may be used in the representation of multiple triphone nodes. Accordingly, the acoustic models 

235 represent each triphone node as a collection of mixture weights w k associated with up to 16 different PDFs N k and 
separately represent each PDF N K using a mean vector u* and a covariance matrix c k . 

A large vocabulary dictation grammar may include multiple dictation topics (e.g., "medical" or "legal"), each having 
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its own vocabulary file, allowing each dictation topic to have its own language model. A dictation topic will consists of 
a set of words which represents the active vocabulary 230. In a typical example, a topic may include approximately 
30,000 words that are considered for normal recognition. 

A complete dictation vocabulary consists of the active vocabulary 230 plus a backup vocabulary 245. The backup 
s vocabulary may include files that contain user-specific backup vocabulary words and system-wide backup vocabulary 
words. 

User-specific backup vocabulary words include words which a user has created while using the speech recognition 
software. These words are stored in vocabulary files for the user and 1or the dictation, and are available as part of the 
backup dictionary for the dictation topic regardless of user, and to the user regardless of which dictation topic is being 

io used. For example, if a user is using a medical topic and adds the word "ganglion" to the dictation vocabulary, any 
other user of the medial topic will have immediate access to the word "ganglion". In addition, the word will be written 
into the user-specific backup vocabulary. Then, if the user says "ganglion" while using a legal topic, the word "ganglion" 
will be available during correction from the backup dictionary. 

In addition to the user-specific backup vocabulary noted above, there is a system -wide backup vocabulary. The 

is system-wide backup vocabulary contains all the words known to the system, including words which may currently be 
in an active vocabulary. 

During error correction, word searches of the backup vocabularies start with the user-specific backup vocabulary 
and then check the system-wide backup vocabulary. The backup vocabularies also are searched when there are new 
words in text that a user has typed. 

20 Fig. 4A illustrates another example of a constraint grammar for a "select" command used to select previously 

recognized text. As shown, a constraint grammar may be illustrated as a state diagram 400. The "select" command 
includes the word "select" followed by one more previously-recognized words, with the words being in the order rec- 
ognized. The first state 405 of the constraint grammar indicates that the first word of the select command must be 
"select". After the word "select", the constraint grammar permits a transition along a path 410 to a second state 415 

25 that requires the next word in the command to be a previously-recognized word. A path 420, which returns to the 
second state 41 5, indicates that the command may include additional previously-recognized words. A path 425, which 
exits the second state 415 and completes the command, indicates that the command may include only previously- 
recognized words. Fig. 4B illustrates the state diagram 450 of the constraint grammar for the select command when 
a previously-recognized utterance is "four score and seven". This state diagram could be expanded to include words 

30 from additional utterances. 

The constraint grammar also may be expressed in Backus-Naur Form (BNF) or Extended BNF (EBNF). In EBNF, 
the grammar for the "Select" command is: 

recognition result> : : = Select <word>, 
where 

35 <word> : : = [PRW 1 [PRW 2 [PRW 3 . . PRW rt ]]] ! 

[PRW 2 [PRW 3 . . PRW"]] ! . . PRW", 
"PRW'" is the previously-recognized word i, 
[ ] means optional, 
< > means a rule, 
ao ! means an OR function, and 

: : = means "is defined as" or "is". 
As illustrated in Figs. 4A and 4B, this notation indicates that "select" may be followed by any ordered sequence of 
previously-recognized words. Constraint grammars are discussed further in our European Patent Application No: 
96308181.5 (Publication No: EP-A-07B5540). 
45 Other constraint grammars 225 include an in-line dictation macros grammar for dictation commands, such as 

"Capitalize" to capitalize a word and "New-Paragraph" to start a new paragraph; a select X Y Z grammar used in 
selecting text, an error correction commands grammar; a dictation editing grammar, an application command and 
control grammar that may be used to control a particular application program 155; a global command and control 
grammar that may be used to control the operating system 150 and the speech recognition software 1 60; a menu and 
50 dialog tracking grammar that may be used to manipulate menus; and a keyboard control grammar that permits the use 
of speech in place of input devices, such as the keyboard 115 or the mouse 110. 

Referring again to Fig. 2, the recognizer 215 may operate in parallel with a pre-filtering procedure 240. Upon 
initiating processing of an utterance, the recognizer 215 requests from the pre-fiftering procedure 240 a list of words 
that may have been spoken as the first word of the utterance (i.e., words that may correspond to the first and subsequent 
55 frames of the utterance). The pre-filtering procedure 240 performs a coarse comparison of the sequence of frames 
with the active vocabulary 230 to identify a subset of the vocabulary for which a more extensive comparison using the 
recognizer is justified. 

Referring to Figs. 5 and 6, the pre-filtering procedure 240 uses a lexical tree 500 that is initialized before processing 
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begins. The lexical tree represents the active vocabulary 230 based on the phonetic relationships between words in 
the vocabulary. The lexical tree includes a root node 505 that represents new words entering the lexical tree. From the 
root node 505, the tree expands to a group 51 0 of nodes that correspond to phonemes with which words start. A silence 
node 512 that represents silence also may be reached from the root node 505. 

5 Each node in the group 510 represents a phoneme that appears at the beginning of one or more words. For 

example, in the portion 600 of the lexical tree 500 illustrated in Fig. 6, a node 610 corresponds to all words in the 
vocabulary that start with the phoneme "H". Together, the nodes in the group 510 include representations of the starting 
phoneme of every word in the vocabulary. 

The lexical tree continues to expand until it reaches leaf nodes 515 that represent the actual words of the vocab- 

10 ulary. For example, as indicated by the square marker, leaf node 615 of Fig. 6 corresponds to the word "healing". An 
internal node of the tree also may represent a word of the vocabulary. For example, the node 520 might represent a 
particular vocabulary word in addition to representing the first two phonemes of other vocabulary words. Similarly, the 
leaf node 620 of Fig. 6 corresponds to the words "heal" and "heel" while also corresponding to the first three phonemes 
o1 the words "heals", "heels" and "healing". Node 620 also illustrates that, since multiple words may have the same 

15 phonetic spelling, a leaf node may correspond to more than one word. As illustrated in Fig. 6, leaf nodes may appear 
at different levels within the lexical tree. Leaf nodes also may correspond to commands. For example, a leaf node may 
correspond to the word "select" and to the command "SELECT". As noted above, commands may be associated with 
particular constraint grammars 225. 

Operation of the pre-filtering procedure 240 is illustrated in Fig. 7. The pre-filtering procedure begins by retrieving 

20 the next frame of parameters for an utterance (step 700). Immediately after initialization, the next frame will be the first 
frame for the utterance. Thereafter, the next frame will be the frame following the last frame that was processed by the 
pre-filtering procedure when the pre-filtering procedure was last called. The pre-filtering procedure does not reinitialize 
the lexical tree between requests for list of words. Accordingly, the state of the lexical tree when a list of words is 
requested corresponds to the state of the lexical tree after a previous list of words was returned. 

25 After retrieving a frame of data, the pre-filtering procedure finds an active node in the tree with no unprocessed 

active successors (step 705). Successors of a node also may be referred to as subnodes of the node. When the lexical 
tree is initialized, the silence node 512 is the only active node. 

Next, the pre-filtering procedure processes the current node (step 710) according to a node-processing procedure 
1 100 that is discussed below with reference to Fig. 11. The node-processing procedure determines whether the node 

30 should spawn additional active nodes and whether the node should be rendered inactive. If the node is a leaf node, 
the node-processing procedure also determines whether the word corresponding to the node should be added to a 
word list for a time associated with the node. 

After processing the node (step 710), the pre-filtering procedure determines whether the node is the highest node 
in the tree (i.e., the root node) (step 715). If the node is not the highest node, then the pre-fittering procedure goes to 

35 the next node having no unprocessed active subnodes (step 720) and processes that node (step 71 0). When searching 
for the next node to process, the pre-filtering procedure considers inactive nodes having active subnodes or active 
siblings. 

If the processed node is the highest active node (step 715), then the pre-filtering procedure processes the silence 
node 512 (step 725). In general, the silence node is processed by comparing a frame to a model for silence and adding 

40 the resulting score to the minimum of the current score for the silence node and the score for the root node 505. 

Next, the pre-filtering procedure reseeds the lexical tree (step 730). The pre-filtering procedure reseeds the Iree 
whenever the silence node 51 2 is active or a word was produced by a leaf node of the lexical tree, regardless of whether 
the word was added to the list of words. The pre-filtering procedure reseeds the tree by replacing the score for the root 
node 505 with the minimum of the score lor the silence node 51 2 and the scores for any words produced by leal nodes 

45 of the lexical tree for the current frame. If the silence node is inactive and no leaf node has produced a word, then the 
pre-filtering procedure replaces the score for the root node 505 with a bad score (i.e., a score having a value larger 
than a pruning threshold). 

Next, the pre-filtering procedure determines whether more words may be added to the word list for the requested 
time (step 735). If there are no active nodes in the lexical tree corresponding to speech that started at, before, or slightly 

so alter the start time for which the list was requested, and if the last frame to be processed corresponds to a time that is 
slightly after the start time for which the list was requested, then no more words may be added to the word list. A word 
produced by the lexical tree is added to the list of words corresponding to the start time of the word and to lists of words 
corresponding to times that precede and follow the start time of the word. It is for this reason that the pre-filtering 
procedure waits until there are no active nodes in the tree corresponding to speech that started slightly after the start 

55 time for the list ol words. If more words may be added, then the pre-filtering procedure retrieves the next frame of 
parameters (step 700) and repeats the steps discussed above. 

If words cannot be added to the word list (step 735), then the pre-filtering procedure returns the word list (step 
740) to the recognizer 215. If the word list includes more than a predefined number of words, then the pre-filtering 
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procedure removes words from the list prior to returning the list. The pre-filtering procedure removes the words that 
are least likely to correspond to the user's speech and removes enough words to reduce the number ot words on the 
list to the predefined number. The procedure also deletes any lists of words lor times prior to the requested start time. 

Each node of the lexical tree 500 (Fig. 5) represents a sequence of states for a particular phoneme. For example, 
5 Fig. 8A illustrates a node 800 that includes a first state 605, a second state 81 0, and a third state 815. A comparison 
with a frame of parameters may cause the score in a particular state to remain in the state (through a path 820). A 
score remains in the state when the score, after being adjusted based on a comparison with a model for the state, is 
better than a score passed from a preceding state or node, or when no score is passed from a preceding state or node. 
The comparison also may cause the score to be passed to a subsequent state through a path 825. A score is passed 
io to a subsequent state when the score, after being adjusted based on a comparison with a model for the subsequent 
state, is belter than the score in the subsequent state, or when no score is associated with the subsequent state. The 
score for the third state 815 may be passed to one or more subsequent nodes through a path 830. 

Referring to Fig. SB, the node 51 2 that corresponds to silence is represented by a single state 840. Each comparison 
with a frame of parameters may cause a score in the node to remain in the state 840 (through the path 845) and also 
15 may cause the score to be passed to the root node 505 through a path 850. 

Referring to Fig. 8C t the root node 505 is represented by a single state 860. Comparison with a frame causes the 
score in the node to be passed to one or more subsequent nodes (including the silence node 512) through a path 865. 

Each state of a node may be represented by four values: a score, a starting time, a leaving penalty and a staying 
penalty. The score represents the likelihood that a series of frames has placed the lexical tree in the state (i.e., the 
20 probability that the series of frames corresponds to the word or portion of a word to which the state corresponds). The 
scores are maintained as negative logarithmic values. 

The starting time identifies the hypothesized time at which the user began to speak the word or words represented 
by the state. In particular, the starting time identifies the time at which the score associated with the state entered the 
lexical tree (i.e., the time at which the score was passed from the state 840 along the path 850). 
25 The leaving and staying penalties are fixed values associated with the state. The staying penalty is added to any 

score that stays in the state. The staying penalty is related inversely to the length of the sound represented by the state 
and to the length of the phoneme represented by the node to which the state belongs. For example, the staying penalty 
could be proportional to - log (1 - 1/d avg ), where d avg is the average duration, in frames, of the sound represented by 
the state. Thus, the staying penalty has a relatively large value when the sound corresponding to the state occurs for 
30 only a small amount of time and a relatively small vatue when the sound corresponding to the state occurs for a large 
amount of time. 

The leaving penalty is added to any score that exits the state, and includes a duration component and a language 
model component. The duration component is related directly to the length of the sound represented by the state and 
to the length of the phoneme represented by the node to which the state belongs. For example, the duration component 

3$ of the leaving penalty could be proportional to -log(1/d avg ). Thus, the duration component of the leaving penalty has a 
relatively large value when the sound corresponding to the state occurs for a large amount of time and a relatively 
small value when the sound corresponding to the state occurs for a small amount of time. 

The language model components of the leaving penalties for alt states in a particular node together represent a 
language model score for the phoneme associated with that node. The language model score represents the likelihood 

40 that a word including the phoneme will occur in speech. The language model score included in the leaving penalties 
for a node is the increase in the best language model score for the branch of the lexical tree that begins with the node 
relative to the branch of the lexical tree that begins with the node's parent. 

The following discussion assumes that there are no leaving or staying penalties associated with the state 840 or 
the state 860. The same result could be achieved by setting the leaving and staying penalties for states 840 and 860 

45 equal to zero. The following discussion also assumes that the first frame is the first frame that may correspond to 
speech instead of silence. 

Fig. 9 provides a simplified example of how scores propagate through the lexical tree. Before the first frame is 
retrieved (row 900), state 840 (which corresponds to silence) has a score of 0 and no other nodes are active. The score 
ot 0 means that there is a one hundred percent probability that the system is starting from silence. 
so After the first frame is retrieved (row 905), the score for the state 840 (S A1 ) is set equal to the acoustic score (A A1 ) 

resulting from an acoustic match of the first frame with an acoustic model corresponding to the state 840 (i.e., the 
acoustic model for silence). Thus, the score for the state 840 (S A1 ) is set equal to the likelihood that the first frame 
corresponds to silence. 

Retrieval of the first frame also causes the state 805 to become an active state. Assuming that the node 800 
55 corresponds to a phoneme that starts a word, the score for the state 805 (S B1 ) is set equal to the acoustic score (Aq-, ) 
resulting from an acoustic match of the first frame with the acoustic model corresponding to the state 805. Thus, the 
score for the state 805 (S B1 ) is set equal to the likelihood that the first frame corresponds to the state 805. The starting 
time for the state 805 is set equal the time associated with the first frame. This value for the starting time indicates that 
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the score at state 805 represents a word that started at a lime corresponding to the first frame. The starting time moves 
with the score as the score propagates through the lexical tree. 

After the second frame is retrieved (row 910), the score for the state 840 (S^) is set equal to the sum of the 
previous score for the state (S A1 ) and the acoustic score (A^) resulting from an acoustic match of the second frame 
5 with the acoustic model for silence: 

S A2 = S A1 + Aj^ - A A1 + A A2 . 

io As noted above, each of the scores corresponds to a negative logarithmic probability. Accordingly, adding scores 

together corresponds to multiplying the probabilities. Thus, the score for the state 840 (S^) equals the likelihood that 
both of the first and second frames correspond to silence. This process is repeated for subsequent frames (e.g., lines 
915 and 920) so that the score for the state 840 at a frame "n" (S^) equals: 
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This expression assumes that the silence node 512 is not reseeded from the root node 505. If reseeding occurs 
at a frame n, then the value of S An . 1 would be replaced by the score in the root node 505 for the frame n-1 . 
After the second frame is retrieved, the score for the state 805 (S^) is set equal to: 

= min (S S| + stay B , S A1 ) + A^ 



where Ag 2 ' s the acoustic score resulting from an acoustic match of the second frame with the acoustic model corre- 
sponding to state 805 and stay B is the staying penalty for state 805. The score for state 805 (S B2 ) corresponds to the 

oo more likely of two alternatives: (1 ) the first frame was silence and the second frame was the sound represented by the 
state 805 or (2) both of the first and second frames were the sound represented by the state 805. The first alternative 
corresponds to a transition from state 840 to state 805 along the path 850. The second alternative corresponds to a 
transition from state 805 back to state 805 along path 820. When the first alternative is the more likely, the starting 
time corresponding to the first frame that was stored previously for the state 805 is replaced by a value corresponding 

35 to the second frame. This value indicates that the score at state 805 represents a word that started with the second 
frame. 

After the second frame is retrieved, the state 810 becomes an active state. The score for the state 81 0 (S^) is set 
equal to: 



S C2 = S B1 + leaVO B + A C2> 



where A^ 2 ' s tri © acoustic score resulting from an acoustic match of the second frame with the acoustic model corre- 
sponding to state 810 and leave B is the leaving penalty for the state 805. Similarly, leave c and leave D are leaving 
45 penalties for, respectively, states 810 and 81 5. The sum of language model components of leave B , leave c and leave D 
represents the language model score for the phoneme represented by the node 800. 

The methodology for determining state scores for states other than the silence state can be expressed more 
generally as: 



Sgj = min (S iJn + stay it S H H + feave^ ) + 

for /greater than zero (where /equals zero corresponds to silence), and with the boundary condition that the score for 
an inactive slate equals infinity or some sufficiently large value. The starting time for the state may be represented as: 
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or 

5 

for /and /greater than zero and with the boundary condition that the time value for a newly active state represents the 
frame at which the state became active. As previously noted, state scores for the silence state may be determined as: 



10 j 

15 with the boundary condition that S 00 equals zero. An even more general form, in which the scores are expressed as 
functions of the various parameters, is illustrated in Fig. 10. 

Referring to Fig. 11, a node may be processed according to a node-processing procedure 1100. 
Initially, the node-processing procedure updates the scores and time values for each state of the node (step 1105). 
The node- processing procedure updates the scores and time values by generating acoustic scores and using the 

20 equations discussed above. 

When the last state of the node was active prior to updating the scores for the node, the node-processing procedure 
uses th8 score for the last state to generate scores for any inactive subnodes of the node. If the generated score for 
a subnode does not exceed a pruning threshold, then the node-processing procedure activates that subnode and 
provides the subnode with the generated score. 

25 Next, the node-processing procedure determines whether the score of any state of the node exceeds the pruning 

threshold (step 1110). When a score exceeds the pruning threshold, the likelihood that the word represented by the 
score was spoken is deemed to be too small to merit further consideration. For this reason, the procedure prunes the 
lexical tree by deactivating any state having a score that exceeds the pruning threshold (step 1115). If every state of 
the node is deactivated, then the node-processing procedure also deactivates the node. The node-processing proce- 

30 dure may deactivate a node or state by deleting a record associated with the node or state, or by indicating in the 
record that the node or state is inactive. Similarly, the node-processing procedure may activate a node or state by 
creating a record and associating the record with the node or state, or by indicating in an existing record that the node 
or state is active. The procedure may use a dynamic pruning threshold that accounts for variations in the average or 
best score in the lexical tree at any given time. 

35 Next, the node-processing procedure determines whether a word is to be added to a list of words (step 1120). A 

word is added to the list of words when the node being processed corresponds to the last phoneme of a word, a score 
has been propagated out of the last state of the node, and the score is less than a list threshold. Before comparing the 
score to the list threshold, the node-processing procedure adds a language model score to the score. The language 
model score corresponds to the difference between the language model score for the word and the incremental lan- 

40 guage model score that is already included in the score. In general, the list threshold has a lower value than the pruning 
threshold. If the node being processed corresponds to the last phoneme of multiple words having the same phonetic 
spelling, then all of the words to which the node corresponds are added to the list of words. 

If the noted conditions are met, the node-processing procedure adds the word or words to the list (step 11 25). A 
word is stored in the list of words along with the score propagated out of the last state. If the word is on the list already, 

45 then the node- processing procedure stores with the list the better of the score already stored with the list or the score 
propagated out of the last state. The scores for words in a list of words are returned along with the list of words. The 
recognizer 215 uses these scores in making the detailed match. 

The node -processing procedure also adds the word to lists of words for times that precede or follow the starting 
time to account for possible inaccuracies in the starting time of the word that may result from selecting the better of a 

50 score that remains in a state or a score propagated from a prior state. Spreading the word across multiple lists ensures 
that these inaccuracies will not impinge on the accuracy of the speech recognition system. The node-processing pro- 
cedure spreads the word across multiple lists based on the length of the word. 

After adding a word to the list of words (step 1125), the node-processing procedure saves the score associated 
with the word as a reseeding score for use in reseeding the tree (step 11 30). Production of a word by the lexical tree 

55 means that the current frame may correspond to the last frame of the word (with the probability of such a correspond- 
ence being reflected by the score associated with the word). This means that the next frame may correspond to the 
beginning of a word or to silence resulting from a pause between words. The pre-filtering procedure reseeds the tree 
(step 730 of Fig. 7) to account for this possibility. 
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For a given frame, multiple nodes may produce words. However, the tree only needs to be reseeded once. To 
account for this, the node-processing procedure only saves the score associated with a word (S^) as the reseeding 
score (S RS ) if the word is the first word to be generated by the tree for the current frame of if the word score is less 
than the score for all other words generated by previously-processed nodes for the current frame (S RS ') : 

5 

S RS = min(S w , S R3 '). 

Saving only the lowest score (i.e., the score indicating the highest probability that the current frame was the last frame 
io of a word) ensures that the tree will be reseeded using the highest probability that the next frame is the first frame of 
a new word. 

To reseed the tree (step 730 of Fig. 7), the pre-filtering procedure activates the root node 505 and associates the 
minimum of the reseeding score (S RS ) and the score for the silence node 512 with the root node. During processing 
of the next frame, the active root node 505 may be used to activate nodes in the group 510 or to activate the silence 
15 node 51 2. 

Processing of the node is complete after the node-processing procedure saves a score for use in reseeding the 
tree (step 11 30), or if no word is to be added to the list of words (step 1120). The lexical tree pre-filtering procedure is 
discussed in detail in our European Patent Application No: 97306528.7 (Publication No: EP-A-0825586). 

After the pre-filtering procedure responds with the requested list of words, the recognizer initiates a hypothesis for 

20 each word from the list and compares acoustic models for the word to the frames of parameters representing the 
utterance. The recognizer uses the results of these comparisons to generate scores for the hypotheses. Hypotheses 
having excessive scores are eliminated from further consideration. As noted above, hypotheses that comply with no 
active constraint grammar also are eliminated. 

When the recognizer determines that a word of a hypothesis has ended, the recognizer requests from the pre- 

25 filtering procedure a list of words that may have been spoken just after the ending-time of the word. The recognizer 
then generates a new hypotheses for each word on the list, where the new hypothesis includes the words of the old 
hypothesis plus the new word. 

In generating the score for a hypothesis, the recognizer uses acoustic scores for words of the hypothesis, a lan- 
guage model score that indicates the likelihood that words of the hypothesis are used together, and scores provided 

30 for each word of the hypothesis by the pre-filtering procedure. The scores provided by the pre-filtering procedure include 
components corresponding to a crude acoustic comparison and a language model score indicative of the likelihood 
that a word is used, independently of context. The recognizer may eliminate any hypothesis that is associated with a 
constraint grammar (e.g., a command hypothesis), but does not comply with the constraint grammar. 

Referring to Fig. 12, the recognizer 215 operates according to a procedure 1200. First, prior to processing, the 

35 recognizer 215 initializes the lexical tree 500 as described above (step 1205). The recognizer 215 then retrieves a 
frame of parameters (step 1210) and determines whether there are hypotheses to be considered for the frame (step 
1215). The first frame always corresponds to silence so that there are no hypotheses to be considered for the first frame. 

If hypotheses need to be considered for the frame (step 1215), the recognizer 215 goes to the first hypothesis 
(step 1220). The recognizer then compares the frame to acoustic models 235 for the last word of the hypothesis (step 

40 1225) and, based on the comparison, updates a score associated with the hypothesis (step 1230). 

After updating the score (step 1230), the recognizer determines whether the user was likely to have spoken the 
word or words corresponding to the hypothesis (step 1235). The recognizer makes this determination by comparing 
the current score for the hypothesis to a threshold value. If the score exceeds the threshold value, then the recognizer 
21 5 determines that the hypothesis is too unlikely to merit further consideration and deletes the hypothesis (step 1 240). 

45 |f the recognizer determines that the word or words corresponding to the hypothesis were likely to have been 

spoken by the user, then the recognizer determines whether the last word of the hypothesis is ending (step 1 245). The 
recognizer determines that a word is ending when the frame corresponds to the last component of the model for the 
word. If the recognizer determines that a word is ending (step 1245), the recognizer sets a flag that indicates that the 
next frame may correspond to the beginning of a word (step 1250). 

so |f there are additional hypotheses to bB considered for the frame (step 1 255), then the recognizer selects the next 

hypothesis (step 1260) and repeats the comparison (step 1225) and other steps. If there are no more hypotheses to 
be considered for the frame (step 1 255), then the recognizer determines whether there are more frames to be consid- 
ered for the utterance (step 1265). The recognizer determines that there are more frames to be considered when two 
conditions are met. First, more frames must be available. Second, the best scoring node for the current frame or for 

55 one or more of a predetermined number of immediately preceding frames must have been a node other than the silence 
node (i.e., the utterance has ended when the silence node is the best scoring node for the current frame and for a 
predetermined number of consecutive preceding frames). 

If there are more frames to be considered (step 1265) and the flag indicating that a word has ended is set (step 
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1270), or if there were no hypotheses to be considered lor the frame (step 1215), then the recognizer requests from 
the pre-filtering procedure 240 a list of words that may start with the next frame (step 1275). 

Upon receiving the list of words from the pre-filtering procedure, the recognizer uses the list of words to create 
hypotheses or to expand any hypothesis for which a word has ended (step 1280). Each word in the list of words has 
5 an associated score. Prior to adding a list word to a hypothesis, the recognizer modifies the list score (SJ for the word 
to produce a modified list score (S M J as: 

S ML = S L + L C " L L' 

10 

where Lq is a language model score that represents the frequency with which the pair of words that includes the list 
word and the immediately preceding word in the hypothesis are used together in speech, and I_l is a language model 
score included in the list score and corresponds to the frequency with which the list word is used in speech, without 
reference to context. The recognizer then adds the modified list score to the score for the hypothesis and compares 

15 the result to a threshold value. If the resuft is less than the threshold value, then the recognizer maintains the hypothesis. 
Otherwise, the recognizer determines that the hypothesis does not merit further consideration and abandons the hy- 
pothesis. As an additional part of creating or expanding the hypotheses, the recognizer compares the hypotheses to 
the active constraint grammars 225 and abandons any hypothesis that corresponds to no active constraint grammar. 
The recognizer then retrieves the next frame (step 1210) and repeats the procedure. 

20 If there are no more speech frames to process, then the recognizer 215 provides the most likely hypotheses to 

the control/interface module 220 as recognition candidates (step 1285). 

The control/interface module 215 controls operation of the speech recognition software and provides an interface 
to other software or to the user. The control/interface module receives the list of recognition candidates for each utter- 
ance from the recognizer. Recognition candidates may correspond to dictated text, speech recognition commands, or 

25 external commands. When the best-scoring recognition candidate corresponds to dictated text, the control/interface 
module provides the text to an active application, such as a word processor. The control/interface module also may 
display the best-scoring recognition candidate to the user through a graphical user interface. The control/interface 
module controls operation of the speech recognition software in response to speech recognition commands (e.g., 
"wake up", "make that"), and forwards external commands to the appropriate software. 

30 The control/interface module also controls the active vocabulary, acoustic models, and constraint grammars that 

are used by the recognizer For example, when the speech recognition software is being used in conjunction with a 
particular application (e.g., Microsoft Word), the control/interface module updates the active vocabulary to include 
command words associated with that application and activates constraint grammars associated with the application. 
Other functions provided by the control/interface module 220 include a vocabulary customizer and a vocabulary 

35 manager. The vocabulary customizer optimizes the language model of a specific topic by scanning user supplied text. 
The vocabulary manager is a developer tool which is used to browse and manipulate vocabularies, grammars and 
macros. Each such function of the control/interface module 220 may be implemented as an executable program that 
is separate from the main speech recognition software. Similarly, the control/interface module 220 also may be imple- 
mented as a separate executable program. 

40 The control/interface module 220 also may provide an enrollment program that uses an enrollment text and a 

corresponding enrollment grammar to customize the speech recognition software to a specific user. Specifically, as a 
user reads the enrollment text, the recognizer 215 uses the enrollment grammar to match a sequence of utterances 
by the user to sequential portions of the enrollment text and uses acoustic information from the user's utterances to 
train or adapt acoustic models 235 corresponding to the matched portions of the enrollment text. 

45 The enrollment program may provide a list of enrollment texts, each of which has a corresponding enrollment 

grammar, for the user's selection. Alternatively, the user may input an enrollment text from an other source. In this case, 
the enrollment program may generate the enrollment grammar from the input enrollment text, or may employ a previ- 
ously generated enrollment grammar. 

Fig. 13 shows a user interface 1 300 of the enrollment program. The user interface 1300 displays an enrollment 

so text 1310 for the user to read and displays the user's current position, also referred to as the "enrollment position 1 , 
using, for example, a moving arrow 1 320 in the enrollment text. For example, the display of Fig. 1 3 shows an enrollment 
position at the word "for", indicating that the enrollment program has recognized the user's reading of the enrollment 
text up to the word "for" and that the enrollment process will continue when the user continues reading, beginning with 
the word "for". By contrast, the display of Fig. 14 indicates an enrollment position at the word "program". 

55 Using the user interface 1300 of Fig. 13, the user starts the enrollment program by selecting the Record button 

1330 through a voiced command or an input device such as a mouse. The user then reads the displayed text 1310 
beginning with the text at the enrollment position, as indicated by the arrow 1320. As the user reads, the recognizer 
215 matches the user's speech to the enrollment text using the enrollment grammar and advances the enrollment 
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position (and arrow 1 320) to the beginning of the next word to be spoken. Acoustic models corresponding to the en- 
rollment text are updated based on the matching user utterances. In general, the recognizer 215 does not use the pre- 
filtering procedure 240 during the enrollment process. 

As shown in Fig. 15, the enrollment program begins by setting the enrollment position at the beginning of the 
5 enrollment text (step 1510) and displaying the arrow at the enrollment position (step 1520). The enrollment program 
next receives the user's digitized speech for an utterance (step 1 530). The recognizer 21 5, using the enrollment gram- 
mar corresponding to the enrollment text, determines whether the utterance matches a portion of the enrollment text 
beginning at the enrollment position (step 1540). Because the portion of the text to which an utterance corresponds is 
unspecified, the recognizer 215 uses the enrollment grammar 1o identify a portion of the enrollment text beginning at 
10 the enrollment position that best matches the utterance. 

If there is no match, the enrollment program repeats the process of retrieving and comparing the user's speech 
with the enrollment text (steps 1530, 1540). If there is a match, the enrollment program updates the acoustic models 
235 corresponding to the matched portion of the enrollment text based on the user utterance (step 1 550). Alternatively, 
the enrollment program may update the acoustic models after specific segments (such as sentences or paragraphs) 
15 ot enrollment text have been recognized, or after the entire enrollment text have been recognized. 

If no enrollment text remains after the matched portion of enrollment text (step 1560), the enrollment program for 
that enrollment text ends (step 1570). If the enrollment program provides multiple enrollment texts, after finishing one 
enrollment text, the enrollment program may automatically begin the next enrollment text by displaying the new enroll- 
ment text and setting the enrollment position at the beginning of that new text (step 1510). 
20 if enrollment text remains at step 1560, the enrollment position is advanced to the word following the matched 

portion of the enrollment text (step 1580), the arrow display is updated to point to the updated enrollment position (step 
1520), and the enrollment process continues. 

Different methods may be used to determine whether a user utterance matches a portion of the enrollment text 
(step 1540). For example, the enrollment grammar may be implemented to recognize that different users may pause 
25 at different positions in the enrollment text, with the result that utterances of different users may not uniformly correspond 
to the same portion of the enrollment text. As noted above, the enrollment grammar may handle such situations by 
allowing different lengths of enrollment text to match a user's utterance. 

The enrollment grammar may be implemented to recognize and appropriately handle expected variations in the 
user's reading of the enrollment text in determining whether a user utterance matches a portion of the enrollment text. 
30 An example of such a variation is the dictation convention of enunciating punctuation marks: at the end of sentence, 
the user may enunciate the word "period". To handle this situation, the enrollment grammar may be implemented to 
recognize the word "period" at the end of sentences as optional. Thus, if the user says "period 1 , the enrollment grammar 
matches the user's speech to the word period for purposes of updating the acoustic models. If the user does not say 
period, the enrollment grammar skips the optional word "period" to the next word in the enrollment text. 
55 Similar rules may be implemented for handling user enunciation of spacing (e.g M new line or new paragraph), and 

formatting conventions (e.g., capitalization, bold, underline, or italics). For example, the enrollment grammar for the 
passage of text illustrated in Fig. 13 may be expressed in EBNF as: 
recognition result> : : = [Capitalize] dragon 
[Capitalize] systems is pleased to acknowledge 
40 [Capitalize] arthur [Capitalize] c [Period] 

[Capitalize] clarke and [Capitalize] harper 
[Capitalize] collins [Capitalize] publishers for 
allowing us to use selections from [Capitalize] 
arthur [Capitalize] c [Period] [Capitalize] 
45 {Clarke's ! clarke Apostrophe s} novel three 

thousand [and] one [Colon] [Capitalize] the 
[Capitalize] final [Capitalize] odyssey [Comma] 
for our training program [Period] 
The enrollment grammar is modified as the user advances through the text. For example, when the user is at the 
50 word 'lor" in the text, as indicated by the arrow 1 320 in Fig. 1 3, the enrollment grammar may be expressed in EBNF as: 
recognition result> : : = for our training program [Period] 
Alternatively, the enrollment grammar may be expressed as a set of rules. Appendix A includes a possible rule- 
based grammar for the enrollment text shown in Fig. 1 3. An advantage of the ruled-based grammar is that it does not 
need to be modified as the user advances through the text. 
55 in general, the enrollment program reduces the recognition error rate of the speech recognition system by cus- 

tomizing user-independent acoustic models to a user's speech based on the user's pronunciation ol sounds corre- 
sponding to those acoustic models in reciting the enrollment text. However, if the user says something other than the 
expected enrollment text, the user's speech should not be used to update the acoustic models corresponding to the 
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expected enrollment text. This situation may arise, tor example, if the user skips a line in the displayed text 1310, 
mistakenly reads a displayed word as a different word, or is interrupted while reading the displayed text and engages 
in an outside conversation. This situation also may arise if the speech recognition system picks up sounds other than 
the user's speech, such as a cough or sneeze, or environmental noise such as traffic or a barking dog. 

5 The enrollment grammar permits the recognizer 215 to find the portion of the enrollment text that best corresponds 

to the user's utterance. However, the enrollment grammar does not permit the recognizer 21 5 to verify that the utterance 
actually corresponds to the enrollment text. For this purpose, the enrollment program uses a rejection grammar in 
conjunction with the enrollment grammar to identify situations in which the sound detected by the recognizer does not 
match the expected enrollment text. 

io Fig. 16 elaborates the process of step 1540 of Fig. 15, where both the enrollment grammar and the rejection 

grammar are used to detect situations in which the user utterance should not be used to update the acoustic models 
for enrollment text. The enrollment program identifies a best recognition candidate that corresponds to the enrollment 
grammar and designates the score provided by the recognizer 215 for that candidate as the enrollment score (step 
1541). The recognizer 215 may determine the score for the candidate based on criteria, such as matching acoustic 

15 models and word context. 

Even the best recognition candidate may not be a good match to the enrollment text. For example, if the enrollment 
position is at "for", as shown in Fig. 13, and the user utterance is "from Arthur C. Clarke's novel" from the previous line, 
the recognizer 21 5 will attempt to match the utterance to the portion ol the enrollment grammar starting with for", and 
will produce a recognition candidate corresponding to the best match to that portion of the enrollment grammar. 

20 The enrollment program also identifies a best recognition candidate that corresponds to the rejection grammar 

and designates a score provided by the recognizer 215 for that candidate as a rejection score (step 1542). In general, 
the rejection score should be better than the enrollment score when the user utterance does not correspond to the 
expected portion of the enrollment text. 

The rejection grammar may be expressed in EBNF as: 

25 recognition result> : : = <phonemes> 

where 

<phonemes> : : = phoneme [<phonemes>] 
and phoneme is any phoneme in a rejection grammar phoneme set. The rejection grammar phoneme set is selected 
such that most sounds in the expected speech can be reasonably modeled. If, as in the above example, the rejection 

30 grammar allows any combination of these phonemes, the processing required to find the best matching phonemes for 
an utterance can be expensive. Accordingly, the rejection grammar phoneme set may include only a subset of the set 
ol phonemes used by the speech recognition. For example, the attached Appendix B illustrates a set of fifty phonemes, 
with a subset of 1 9 of the phonemes being included in the rejection grammar phoneme set. 

The rejection grammar matches the acoustics of the user utterance to a sequence of phonemes from the rejection 

os grammar phoneme set. The score associated with a rejection grammar recognition candidate reflects the degree to 
which the user utterance corresponds to the matched sequence of phonemes and is determined so that the rejection 
score is likely to be better than the enrollment score when the user utterance does not match a portion of the enrollment 
text. 

Again referring to the above example of Fig. 1 3, in which the enrollment position is at "for" and the user utterance 
40 is "from Arthur C. Clarke's novel", the enrollment grammar will likely result in a recognition candidate with a score 
reflecting a poor match. On the other hand, the rejection grammar will result in a recognition candidate that may not 
be "from Arthur C. Clarke's novel' exactly, but will likely be closer than the enrollment recognition candidate beginning 
with "for 1 . Accordingly, the rejection grammar should result in a recognition candidate having a better match and a 
better score. 

45 The enrollment program determines whether the user utterance matches an enrollment utterance by comparing 

the enrollment score to the rejection score (step 1543). The precise method of comparison may vary. For example, in 
a simple approach, the enrollment program compares the enrollment and rejection scores and, if the enrollment score 
is better than the rejection score, determines that the user utterance matches a portion of the enrollment text (step 
1544). Alternatively, if the rejection score is better than the enrollment score, as in the above example, the enrollment 

so program determines that the user utterance does not match a portion of the enrollment text (step 1545). 

The rejection grammar has been described with reference to its use with the enrollment grammar. However, it also 
may be used in other circumstances, and, in general, is used whenever the large vocabulary dictation constraint gram- 
mar is not active. For example, the speech recognition software may include a "Go To Sleep" command that deactivates 
all constraint grammars except the rejection grammar and a grammar for recognizing a "Wake Up" command. In gen- 

55 eral, after the "Go To Sleep" command has been implemented, the recognizer 21 5 will recognize only the "Wake Up" 
command. The rejection grammar enables the control/interface module 220 to distinguish between the "Wake Up" 
command and noise or other sounds. 

The enrollment program creates a speaker-adapted model for the user by adapting speaker-independent acoustic 
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models corresponding to the enrollment text based on the user's utterances. As described above, the speaker-inde- 
pendent acoustic models represent each triphone node as a mixture of Gaussian probability density functions ("PDFs") 
N k having mean vectors u^ and covariance matrices c k , with the contribution made to the triphone node by each PDF 
being represented by a mixture weight w k . The speaker-adapted model uses the mixture weights w k and the covariance 
matrices c k of the speaker- independent model, but uses adapted mean vectors u^. 

Referring to Fig. 17, the enrollment program generates the adapted mean vectors \x^ A according to a procedure 
1700. Starting with the mean vectors of the speaker-independent (step 1705), the enrollment program uses a trans- 
formation-based approach to produce the adapted mean vectors \x MA . The transformation -based approach assumes 
that an adapted mean vector may be expressed as: 



M*A = A h< + b > 
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where A and b are transforms. When each mean vector has 24 entries, A is a 24 x 24 matrix and b has 24 entries. 

Next, the enrollment program generates collections of PDFs that are expected to share a common transformation 
(step 1710). A collection C could include the PDFs representing similarly-sounding triphones, such as all PDFs asso- 
ciated with vowels or airPDFs associated with consonants. Another approach to generating collections is to group 
PDFs having mean vectors with similar values. This approach permits simplified generation of large numbers of 
collections. In general, implementations may include from one to several hundred different collections. Initial experi- 
mental results indicate that the first approach provides better results (i.e, results with lower recognition error rates). In 
general, the collections may be identified prior to the enrollment session. 

Next, for each collection, the enrollment program assembles all speaker data for the PDFs included in the collection 
(step 171 5). This speaker data corresponds to the user utterances produced during the enrollment session. 

Next, the enrollment program determines y[j], the average value of the speaker data vector, for each PDF j (step 
1720). If f[n] is the vector for the n-th frame of speaker data, pj(n) is the probability that the n-th frame of speaker data 
corresponds to a PDF j (i.e., the mixture weight Wj for the triphone node associated with the n-th frame of speaker 
data), and N is the total number of frames of speaker data, then y(j] and the frame count, N[j], for the frame j may be 
determined as: 



30 



ylj] - 



N 



N 
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This is usually referred to as the Baum-Welch or EM algorithm. 

Next, the enrollment program produces transforms (A c and bj for each collection C using the relationship between 
the average values of the speaker data and the PDFs from the speaker-independent model (step 1 725). This relation- 
ship may be expressed generally as: 



y[j] = A c xlj] + b c + e, 



50 



where x[j] corresponds to the mean vector for a PDF j and e is an error term. Based on this relationship, Aq t , the 
transpose of the transform A^ may be determined as: 



55 



)xU]y T [j] . 
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75 



where x T [j] is the transpose of x[j], y T [j] is the transpose of y[j], and N c is the number of components in the collection C. 
The transform Ac is then produced by transposing Ac T and the transform b c is determined as: 



J2 N(j) iytj] ) 



io Using the transforms, the enrollment program determines adapted mean vectors, u.^, for each component in the 

collection C (step 1730). In particular, the adapted mean vectors are determined as: 



The enrollment program then stores the adapted mean vectors ^ A along with a speaker-identifier as a speaker- 
adapted model for later use in recognizing speech by the user (step 1735). This process may be iterated several times 
by using the adapted models to update the frame counts, speaker (N[j] and y[j]), and the transform matrix. 

In another implementation, fractions of the speaker independent means (x[j]) and the speaker-specific means may 
20 be used to compute y[j] and N[j]: 

Nlj) = r + £ pj(n) 



30 

where r controls the relative importance of the speaker-independent means and the observed data. The value of r is 
optimized as a function of the amount of the adaptation data available. 

Other feasible are feasible. For example, an enrolment program may include multiple enrolment texts, each with 
corresponding enrollment grammars, allowing a user to select one or more texts for enrollment. The user may create 
35 an enrollment text, for which the enrollment program will create a corresponding enrollment grammar The specific 
methods by which the enrollment and rejection grammars score a user utterance may vary Similarly, the method by 
which the scores are evaluated to determine whether the user utterance matches a portion of the enrollment text may 
vary. 

The user interface may display the enrollment position using various techniques. For example, in addition to the 
40 arrow discussed above and shown in the figures, possibilities include highlighting portions of the text as they are 
recognized or displaying a cursor at the enrollment position. 

The techniques described here are not limited to any particular hardware or software configuration; they may find 
applicability in any computing or processing environment that may be used lor speech recognition. The techniques 
may be implemented in hardware or software, or a combination of the two. Preferably, the techniques are implemented 
45 in computer programs executing on programmable computers that each Include a processor, a storage medium read- 
able by the processor (including volatile and non-volatile memory and/or storage elements), at least one input device, 
and one or more output devices. Program code is applied to data entered using the input device to perform the functions 
described and to generate output information. The output information is applied to one or more output devices. 

Each program is preferably implemented in a high level procedural or object oriented programming language to 
50 communicate with a computer system. However, the programs can be implemented in assembly or machine language, 
if desired. In any case, the language may be a compiled or interpreted language. 

Each such computer program is preferably stored on a storage medium or device (e.g., CD-ROM, hard disk or 
magnetic diskette) that is readable by a general or special purpose programmable computer for configuring and oper- 
ating the computer when the storage medium or device is read by the computer to perform the procedures described 
55 in this document. The system may also be considered to be implemented as a computer-readable storage medium, 
configured with a computer program, where the storage medium so configured causes a computer to operate in a 
specific and predefined manner 
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Appendix A 



Follow* is an enrollment grammar for the paragraph used for exajr.oles in 
the patant document (the rule that ia initially activated ir t v ia 
example la AltUstO} : 



ruleO-Dragon ( <rulel> ] 
rulel-ayatama ( <ATtAltl> i 
rule2«dragon f <rule3> J 
rule3^sy«tems [ <AftAiti> 3 
rule4-Oragon Syatsma [ <AftAltl> J 
AltLlstO**<ruleO> I <rul*2> I <ruie4> 
AftAlta-ia ( <rule7> J 
rule7«please ( <rule8> ] 
rul*8~to c <ruie9> ) 
rale9 te acknovledge ( <ruleiO> ] 
rulelO-Arthur ( <AltLiat2> ] 
ruiall-C. t <AftAlt3> J 
rulel2-[ CNcarbon ] { <rulel3> ) 
rul«13-( Adot J f <AftAlt3> ] 
ruiei4-( c\carbon | [ <nalelS> } 
rulal5-[ Aperiod ] [ <AfcAlt3> ] 
rulel€-l CVcarbon ] ( <rulel7> ] 
rulal7-[ .\polnt ) [ <AftAlt3> J 
rulel8-[ c\chariie J ( <rulel9> ] 
rulei9-f Adot ] [ <AftAlt3> J 
rule20-[ c\charlie J ( <rule21> ] 
ruia21-( Aperiod I ( <AftAIt3> 3 
ruie22-{ eVcnariie J [ <rule23> j 
rule23*[ Apoint J [ <AftAlt3> ] 
30 ruie24*{ CNRoman one hundred ] [ <rul*25> ) 

rul«25-( Adot J ( <ArtAlt3> ] 
rul«26*( C\ Roman one hundred j [ <rule27> i 
rule27»( Aperiod J ( <AftAlt2> ) 
rule28-J C\Homan one hundred j [ <rule29> J 
rule29«{ A point ] C <AftAlt3> ) 
35 AltLiat2«<ruiall> \ <rulel2> j <rulel4> I <ruleie> | <rulel8> | <rule2C> 

I <rule22> l <rule24> / <rule2€> • <rule2B> 
A£tAlt3«ClarJce [ <rule32> J 
rula32-and I <AltList4> ) 
rule33-harp«r C <AftAlt5> ] 
rule34-Harp*r ( <AftAlt5> ] 
AltLiat4-<ruie33> I <rule34> 
AftAltS-Collins [ <rule37> ] 
ruie37-puoliahers [ <rule38> ) 
rule38-for [ <mle39> ) 
ruie39-allowing C <rul«40> ] 
rule40-ua [ <cule41> } 
rulo4i-to [ <rul«42> J 
rule42-uso [ <rule43> ] 
rule43-aelectiona [ <rul«44> ] 
rule44-from [ <rul«4S> ] 
rule4 3-Arthur ( <AltLiat6> ) 
rule46«C. ( <AftAit7> ] 
rul«47-( c\carbon J [ <rule4 8> 1 
SO rul«48-{ AdOC ) £ <AftAlt7> ] 

rule 4 9- ( C\carbon ] [ <rule50> ) 
rule50-( Aperiod ) ( <AftAlt7> ; 
ruleSl-t CVcarbon ) [ <ruie52> ] 
rula52»[ Apoint ) { <AftAlt7> 1 
ruleS3-[ c\charlia ) [ <rule54> ) 
55 rule54-[ -Ndot ] [ <AftAlt7> J 

rui«55-[ cNcharlie ] ( <rulaS6> ] 
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rule56-( .\period ] [ <AftAlt7> J 

rul«57*( c\charlie 3 ( «ule38> I 

rule58-[ .\point ] ( <A£tAlt7> ]' 
s rulo59-( C\ Roman one hundred J f <rul«60> ] 

rul«60-{ ( \<lot ) I <A«Alt7> J 

rule61-{ CNRoman one hundred J C <ruie62> 1 

rui*62-( .\pertod ] r <AftAlt7> ] 

rul«63-( CNRoman one hundred J I <rule64> ] 
io f? 1 ? 64 * 1 -^P°lat J ( <AftAlt7> J 

rsssrrssj^rssjjrs^"" 1 * ■ < *- i -" > ■ ««•»» 

A**Alt7«ciartee { <AltUstB> J 

rU ^!Z"l i «^»P*»tropht-ee« ] £ <AftAXt9> ] 
rule68*{ f s\iz\r J [ <AftAlt9> J 
rule69«[ 's\s\r ] ( <AftAit9> J 
rule70-{ *s\x\r ] [ <AftAlt9> ] 
ruie71*( '\&postrophe ] I <rule72> 1 
rule72«[ s\slerra ] [ <AftAlt9> ] 
rule73«[ • \cloae-3ingle- OT ota ) { <rul*74> ] 
rule7«-f a\sierra J ( <AftAlt9> ] 
rule75-{ • \open-aingie-quote ] { <rule76> J 
rul«76-[ sValerra J [ <AttAlt9> ] 

SSSSTSS&i T"SffiS,' <tuleea> ' «— «•» ' «— «» • 

AftAit9«novei [ <AitListlO> ] 
25 rule79-3001 [ <AftAltll> ] 

rule8O-30 { <rule81> ) 

rules 1-01 [ <ArtAltll> J 

ruleB2-30 ( <rule83> ] 

rule83-0 [ <rul«84> ] 

rule84-l C <AftAltll> ] 
30 ruie85-3 I <rule86> J 

nal*8 €-0 t <rule87> ] 

rule87-01 ( <A£tAlUl> ] 

rule88-3 [ <rul«8 9> ] 

rule89-0 [ <rule90> ] 

ruie90-0 [ <rule91> J 
35 rule 9 1-1 r <AftAltll> ] 

rul«94«£ :\numeric-colon J [ <AftAltl3> ^ 

w!^5H" <rule93> 1 < AftAltl3> J <rula94i 
40 AftAltl3-the [ <rule97> ] 

rule97«final [ <AltXi«14> ] 

rul«98-odyj*ay ( <AftAltlS> J 

rule99«Odyssey ( <AftAlcl5> ] 

AltLlatl4»<rule98> I <rule99> 

rulelOW ,\coraaa J ( <AftAltl7> j 

45 *ulel02-{ , \mjmeric-comma I [ <AftAltl7> l 

*™!^"* rulftl01> 1 <Af tAltl7> i <rulel02> 
AXtAltl7«for [ <rulel03> ] 
rulel05-our ( <ruiel06> ] 
rulel06-training [ <rulel07> i 
rulel07«p ro gram £ <AltListlS> ' 1 
so rulel08-( . \dot J ( <A*tAltl9> j 

rulel09-I , \period J ( <AftAZtl9> ] 

?V:?} 10 ?I - v P° lnt I i <Ai:tAici9> ; 

55 - 
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The phoneme label in the ft rat column is pronounced aa the capitalized 
letter <■) in the second field. The phonemes that have a star in the 
third field are in the subset of 19 uaed for the rejection grammar. 
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Claims 

I. A computer- implemented method for enrolling a user in a speech recognition system, comprising: 

5 analyzing acoustic content of a user utterance; 

determining, based on the analysis, whether the user utterance matches a portion of an enrollment text; and 
if the user utterance matches a portion of the enrollment text, using the acoustic content of the user utterance 
to update acoustic models corresponding to the portion of the enrollment text. 

10 2. The method of claim 1 , wherein determining whether the user utterance matches a portion of the enrollment text 
comprises using an enrollment grammar corresponding to the enrollment text. 

3. The method of claim 2, wherein determining whether the user utterance matches a portion of the enrollment text 
further comprises using a rejection grammar. 

15 

4. The method of claim 3, wherein the rejection grammar is a phoneme grammar. 

5. The method of claim 4, wherein the rejection grammar models an utterance using a set of phonemes that is smaller 
than a set of phonemes used by the enrollment grammar. 

20 

6. The method of claim 1, further comprising determining an enrollment position within the enrollment text, wherein 
determining whether the user utterance matches a portion of the enrollment text comprises determining whether 
the user utterance matches a portion of the enrollment text beginning at the enrollment position. 

25 7. The method of claim 6, further comprising displaying the enrollment text and the enrollment position. 

8. The method of claim 6, further comprising advancing the enrollment position in the enrollment text past the matching 
portion if the user utterance matches a portion of the enrollment text. 

30 9, The method of claim 1 , further comprising: 

determining an enrollment position within the enrollment text; 

determining, using an enrollment grammar, a portion of the enrollment text beginning at the enrollment position 
that best matches the user utterance; 
35 determining, using the enrollment grammar, an enrollment score for the best matching portion of the enrollment 

text; 

determining, using a rejection grammar, a recognition candidate that best matches the user utterance; and 
determining > using a rejection grammar, a rejection score for the best matching recognition candidate, 
wherein determining whether the user utterance matches a portion of the enrollment text is based on the 
40 enrollment score and the rejection score. 

10. The method of claim 1 , further comprising selecting the enroltment text from a plurality of enrollment texts. 

II . The method of claim 1 0, wherein each of the plurality of enrollment texts has a corresponding enrollment grammar, 
^5 and determining whether the user utterance matches a portion ol an enrollment text further comprises using the 

enrollment grammar corresponding to the selected enrollment text. 

12. The method of claim 1 , further comprising receiving an enrollment text for use as the enrollment text. 

so 13. The method of claim 12, further comprising generating an enrollment grammar corresponding to the received 
enrollment text, wherein determining whether the user utterance matches a portion of the enrollment text uses the 
generated enrollment grammar. 

14. The method of claim 1, further comprising ignoring the user utterance if the user utterance does not match a port ion 
55 of the enrollment text. 

15. A computer-implemented method for enrolling a user into a speech recognition system, comprising: 
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displaying an enrollment text; 

displaying an enrollment position within the enrollment text; 
receiving a user utterance; 

determining whether a match exists between the user utterance and a portion ol the enrollment text beginning 
5 at the enrollment position; 

updating the enrollment position if a match exists; and 
displaying the updated enrollment position. 

16. The method of claim 15, wherein displaying the enrollment position and the updated enrollment position further 
10 comprises displaying a marker at the enrollment position. 

17. The method of claim 15, wherein displaying the enrollment position and the updated enrollment position further 
comprises highlighting the enrollment text at the enrollment position. 

is 18. The method of claim 15, wherein displaying the enrollment position and the updated enrollment position further 
comprises displaying a cursor in the enrollment text at the enrollment position. 

19. A speech recognition system for enroling a user, comprising: a display adapted to display an enrolment text to a 
user; an input device adopted to receive speech signals; a processor adapted respectively to determine a user 
20 utterance from a received speech signal; to analyze an acoustic content of a user utterance; to determine, based 

on the acoustic analysis, whether the user utterance matches a portion of an enrolment text; and to use the user 
utterance to update acoustic models corresponding to the portion of the enrolment text if the user utterance matches 
a portion of the enrolment text. 
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